Aims. For more than 1.5 years we spectroscopically monitored the star KELT-6 (BD+31 2447), which is known to host the transiting hot-Saturn KELT-6 b, because a previously observed long-term trend in radial velocity time series suggested that there is an outer companion. Methods. We collected a total of 93 new spectra with the HARPS-N and TRES spectrographs. A spectroscopic transit of KELT-6 b was observed with HARPS-N, and simultaneous photometry was obtained with the IAC-80 telescope. Results. We proved the existence of an outer planet with a mininum mass M p sin i=3.71±0.21 M Jup and a moderately eccentric orbit (e = 0.21
Introduction
Analysing stellar radial velocity (RV) time series is an effective method of detecting and characterizing distant planets with orbital periods of a few years, despite the large observing time span required. To look for such companions, particularly interesting targets are stars with transiting planets, because they are an ideal laboratory for studying the architecture of multi-planet systems. In fact, the orbital geometry of the transiting planet can be described through the Rossiter-McLaughlin (RM) effect (e.g. Ohta et al. 2005) by measuring the projected spin-orbit angle and spotting the direction of the motion with respect to that of the stellar rotation. Up to now, long-term trends have been observed in the RVs of a large sample of stars with and without evidence of turnover (e.g. Knutson et al. 2014 ). Among them is KELT-6, a late F-type, metal-poor star (V=10.3 mag) hosting the transiting Saturn-mass planet KELT-6 b discovered by the KELT-⋆ Based on observations made with (i) the HARPS-N spectrograph on the Italian Telescopio Nazionale Galileo (TNG), operated on the island of La Palma by the INAF -Fundacion Galileo Galilei (Spanish Observatory of Roque de los Muchachos of the IAC); (ii) the Tillinghast Reflector Echelle Spectrograph (TRES) on the 1.5-meter Tillinghast telescope, located at the Smithsonian Astrophysical Observatory's Fred L. Whipple Observatory on Mt. Hopkins in Arizona; (iii) the IAC-80 telescope at the Teide Observatory (Instituto de Astrofísica de Canarias, IAC). Tables 2 and 3 are made available on-line at the CDS (http://cdsweb.ustrasbg.fr/).
North survey (Collins et al. 2014, hereafter Co14) . Co14 were also able to observe an unexplained residual trend in the RVs over a limited time span of 475 days. To understand the cause of this acceleration, a spectroscopic follow-up was carried out in the framework of the Global Architectures of Planetary Systems (GAPS) project 1 , using the HARPS-N spectrograph (resolving power R = 115 000; Cosentino et al. 2012) . We also collected new RV data with the Tillinghast Reflector Echelle Spectrograph (TRES) spectrograph (R = 44 000; Fűresz 2008), extending the total observing time span to 1178 days.
Together with new photometric measurements, we present results that noticeably extend knowledge about the KELT-6 system.
Observations and data reduction methods
We collected 71 HARPS-N spectra (exposure 900 s, typical signal-to-noise per pixel S/N∼60 at 5500 Å) between 2014 February 9 and 2015 July 3, 31 of which were obtained on 2015 April 11 during a transit of KELT-6 b and used to study the RM effect. The Th-Ar simultaneous calibration was not used to avoid contamination by the lamp lines. The spectra and the RV measurements were reduced using the latest version (Nov. 2013) of the HARPS-N instrument Data Reduction Software A&A proofs: manuscript no. 26995_ja_IX pipeline and applying a G2 mask. The measurement of the RVs is based on the weighted cross-correlation function (CCF) method (Baranne et al. 1996; Pepe et al. 2002) .
With TRES we collected 22 spectra between 2013 December 13 and 2015 May 27. They were extracted following the procedures described by Buchhave et al. (2010) . The relative RVs were derived by cross-correlating the spectra against the highest S/R spectrum in the wavelength range 4050− 5650 Å.
Simultaneously with the RM effect measurements gathered with HARPS-N, we collected the transit light curve with the IAC-80 0.82-m telescope. Data were taken from 21:18 UT to 5:32 UT, using the CAMELOT camera (E2V 2k×2k CCD; pixel scale 0.304 ′′ ; field of view 10.4 ′ × 10.4 ′ ) and through a standard Bessell R filter. The point spread function (PSF) was intentionally defocused to a radius of ∼ 20 physical pixels to minimize flat-field residual errors and avoid detector saturation. The exposure time was set to 90 s, resulting in a net cadence of ∼115 s when considering the overheads. Science frames were bias-and flat-field-corrected by standard procedures. Photometric measurements were made with the STAR-S KY pipeline (Nascimbeni et al. 2011 (Nascimbeni et al. , 2013 . STARS KY delivered the best differential light curve of . the one with the least scatter) using a set of four stable comparison stars (UCAC4 604-049448, UCAC4 604-049449, UCAC4 604-049450, and UCAC4 604-049454). Unfortunately, our observations were plagued by technical problems that delayed the start time of the observations, and the telescope pointing was re-adjusted, causing an offset between the first and the second halves of the light curve, which was included as a parameter in the transit model.
Stellar parameters
The photospheric parameters were derived with different methods from the co-added HARPS-N spectrum obtained from the out-of-transit observations (S/R∼380 per pixel at 5500 Å). We used the LTE code MOOG (Sneden 1973) , along with atmospheric models (Kurucz 1992; Castelli & Kurucz 2004 ) and iron equivalent widths (EW). Two analyses were independently performed with the main differences being the list of iron lines and the technique used to measure EWs. In one case we used ARESv2 (Sousa et al. 2015) with the automatic continuum placement set-up and the line list from Sousa et al. (2011) , adapted to the 2014 version of MOOG (Dumusque et al. 2014) . In the other case, the EWs of the line list from Biazzo et al. (2012) were measured by hand using the IRAF task SPLOT, and the iron abundance was determined using the 2013 version of MOOG (see Damasso et al. 2015) . In both cases, the analysis was performed differentially with respect to the Sun spectrum. We also did a third independent analysis based on the method described in Gandolfi et al. (2015) . We fitted the HARPS-N spectrum to a grid of theoretical models from Castelli & Kurucz (2004) , using spectral features that are sensitive to different photospheric parameters.
All the analyses gave consistent results, so we calculated their weighted averages and adopted the average of the individual uncertainties as errors. Table 1 summarizes our results. We notice that our best-fit value for T eff is 170 K higher than value adopted by Co14, which was obtained from spectral synthesis modelling with Spectroscopy Made Easy (SME; Valenti & Piskunov 1996) using HIRES spectra. This difference could arise from the different analysis techniques rather than from the properties of the spectra, by noting that a well known Table 1 . Stellar parameters for the star KELT-6 derived from the analysis of the HARPS-N spectra and from stellar evolutionary tracks. Estimates from the KELT-6 b discovery paper are also listed. bias exists in some versions of SME (Torres et al. 2012) , which was removed in more recent versions (Brewer et al. 2015) . The stellar mass, radius, and age were determined by comparing our measured T eff , log g, and [Fe/H] with the Yonsei-Yale evolutionary tracks (Demarque et al. 2004 ) through the χ 2 statistics (Santerne et al. 2011) . Results are listed in Table 1 . The adopted errors include an extra 5% in mass and 3% in radius added in quadrature to the formal errors to take systematic uncertainties into account in the stellar models (Southworth 2011) . We also employed the stellar density ρ ⋆ derived by Co14 as a proxy of the stellar luminosity instead of log g (e.g. Sozzetti et al. 2007 ). The results are fully consistent with the previous findings and not more precise. We thus adopted the parameters obtained using log g, finding that KELT-6 appears to be slightly less evolved than stated by Co14.
Improved transit ephemeris for KELT-6b
The light curve observed with the IAC-80 telescope is shown in the upper panel of Fig. 1 . It has an average photometric scatter of 0.9 mmag on a 115 s timescale.
Since we could not measure the out-of-transit flux of KELT-6 to properly normalize the off-transit level of our light curve, a full, detailed modelling to extract all the orbital parameters 2 of KELT-6 b was hampered by the unsolvable degeneracy between the normalization level and the other transit parameters. Therefore we chose to fix R ⋆ /a, R p /a, and i to the best-fit values published by Co14, limiting the number of free parameters to four 3 . The fit was performed with the code JKTEBOP v34 (Southworth 2008) , and the associated errors were derived through 10 000 classical Monte Carlo iterations.
From the fit we could only determine the time of central transit T c of KELT-6 b. We then derived an improved ephemeris (T c and orbital period P) from the observed-minus-calculated diagram (lower panel of Fig. 1 ), by fitting both our measurement of T c and the high-quality ("primary") points from Co14 through a weighted least-squares procedure, as well as an additional ephemeris obtained by the KELT team from an unpub-M. Damasso et al.: GAPS IX. The KELT-6 multi-planet system Table 4 , with the reference epoch set on the most recent transit.
Analysis of the radial velocities

KELT-6c comes out
The HARPS-N and TRES RVs collected for this work are listed in Tables 2 and 3 , respectively. In our sample, we also included the RVs used in Co14 and collected by TRES and the High Resolution Echelle Spectrometer (HIRES) at the Keck telescope, while we excluded the first 26 HARPS-N measurements taken during the night of the KELT-6 b transit. The RV time series shows a long-term modulation with a clear turnover and a semi-amplitude higher than that of the short-period signal due to KELT-6 b (Fig. 2) . KELT-6 appears to be a quiet star (<log(R ′ HK )>=−4.992, σ log(R ′ HK ) =0.021), without evidence in the log(R ′ HK ) data for a modulation ascribable to an activity cycle (Fig. 3, upper plot) . Besides the log(R ′ HK ) index, we calculated the CCF bisector span (BIS) from the HARPS-N spectra, and we found that no significant correlations exist over the timespan of the HARPS-N measurements between these datasets and the RVs with the orbital solution of KELT-6 b removed (Fig. 3 , middle and lower plots). This evidence supports the hypothesis that the observed RV long-term variations are not due to the stellar activity but to an outer companion, which we name KELT-6 c and for which the data cover almost one complete orbit. This scenario is further strengthened by looking, for example, at the empirical calibrations of Santos et al. (2000) (see Eq. 2 and Fig. 6 therein) that, for a star like KELT-6, predict a RV dispersion due to activity-related phenomena at the level of ∼10 m s −1 , while our measured semi-amplitude is ∼3-5 times higher (K ∼66 m s −1 ) once the orbital solution of KELT-6 b is removed. Orbital parameters and uncertainties for the KELT planets were determined with a Bayesian differential evolution Markov chain Monte Carlo analysis (e.g. Desidera et al. 2014 ). We adopted a two-planet Keplerian model with sixteen free parameters 4 , assuming for KELT-6 b Gaussian priors on T 0 and P based on the new ephemeris. Fitted and derived parameters are listed in Table 4. The best-fit model is shown in Fig. 2 , and the residuals show a dispersion of ∼17 m s −1 , which reduces to 9.5 m s −1 when considering only the more precise HIRES and HARPS-N measurements. This fact agrees nicely with the level of the activity-related jitter predicted by Santos et al. (2000) . KELT-6 c appears to be massive (M p sin i=3.71±0.21 M Jup ) and moves on a moderately eccentric orbit (significant at the ∼5σ level) with period P ∼3.5 years. Residuals of the two-planet model do not reveal evidence of any trend of having a third companion (Fig. 2) . Our results suggest that KELT-6 b has a likely circular orbit, with the eccentricity e = 0.029 +0.016 −0.013 compatible with zero within ∼2.45σ (Lucy & Sweeney 1971) . A reanalysis of the data done by the KELT team corrected the eccentricity to the value e=0.058±0.034, which is in accordance with our measurement.
The Rossiter-McLaughlin effect for KELT-6 b
The RV time series covering the transit of KELT-6 b was analysed using the numerical model and the least-squares fitting algorithm described in Covino et al. (2013) and Esposito et al. (2014) . Four parameters were set free 5 , while all other relevant parameters were kept fixed to the values derived from the spectroscopic and photometric analyses. The best-fit values are reported in Tables 1 and 4 , together with their uncertainties derived 4 The central transit epoch T 0 , the orbital period P, the RV semiamplitude K, √ e cos ω, and √ e sin ω of both planets KELT-6 b and KELT-6 c (e and ω being the eccentricity and the argument of periastron); a jitter term and a RV offset for each of the different datasets. 5 γ: barycentric RV at mid-transit epoch; λ: projected angle between the planetary orbital axis and the stellar spin axis; V sin I * : projected stellar rotational velocity; µ: limb-darkening coefficient of a linear law.
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Notes. (f) For KELT-6 b this corresponds to the real mass of the planet, derived by assuming the best estimate of the inclination angle of the orbital plane provided by Co14.
(g) Derived from the transit parameter R p /R s in Co14 and our value of R s through a Monte-Carlo analysis.
(h) Derived from the third Kepler's law through a Monte-Carlo analysis, using our updated values for the stellar mass and planetary orbital periods. by means of a bootstrapping method. The best-fit RM model is shown in Fig. 4 . Results show that KELT-6 b moves in a prograde orbit and is slightly misaligned with respect to the stellar spin axis with a projected spin-orbit angle λ=−36
• . The lack of enough RV data in the pre-transit phase means that a value of λ closer to zero cannot be completely ruled out, but our solution comes with a lower χ 2 than for the case of λ fixed to 0 (1.39 vs. 1.89).
Discussion
KELT-6 joins a small number of host stars with a transiting planet and a measured RM effect for which there is evidence of outer companions. To our knowledge they are HAT-P-13, HAT-P-17, and WASP-8 (Knutson et al. 2014) , the last two hosting a transiting planet with the orbital period close to that of KELT-6b (respectively, P=10.3 and 8.2 days) and with WASP-8 being misaligned (λ=−123.3
Our results allow the description of the KELT-6 system architecture in some detail, and considerations can be made about its dynamical evolution and stability.
We tested the coplanar high-eccentricity migration hypothesis (CHEM, Petrovich 2015a) as a possible mechanism to explain the current orbital elements of KELT-6. CHEM explores the possibility that hot Jupiters are formed through secular gravitational interactions with an outer planet on an initial eccentric orbit, and then circularized by tides with the host star at periastron. The mechanism describes the planetary migration as occurring on nearly the same plane where the planets formed, assuming a low mutual inclination of the orbital planes ( 20
• ), and it predicts that hot Jupiters should have distant and more massive companions with moderately high eccentricities (e ∼ 0.2-0.5). CHEM reproduces the observed architecture of KELT-6, provided that the inner planet, initially with e 0.5, started migration inside ∼1 au, and there was an initial moderate mutual inclination of ∼10
• -20
• to account for the measured angle λ. This suggests that the current mutual inclination of the orbital planes could be lying in this range. We note that the system should be old enough for the orbit of KELT-6b to have been circularized. In fact, the circularization time with the current system parameters is about 0.45 Gyr, assuming a modified tidal quality factor Q ′ p = 10 5 for the planet (Lainey et al. 2009) , where most of the tidal dissipation is expected to have occurred in the case of an initially eccentric orbit (see Jackson et al. 2008) . We speculate that the initial conditions required by CHEM to explain this system could be the result of a preceding phase of planet-planet scattering. A system with more than two planets in nearly circular and coplanar orbits at 1 au might have become unstable, losing planets by ejections and leading to eccentricity excitation and moderate change (by a factor up to ∼2) in the semi-major axis of the inner planet (Jurić & Tremaine 2008; Chatterjee et al. 2008) .
We investigated the dynamical stability of the KELT-6 system by using the empirical relation (17) in Petrovich (2015b) , who studied the final results of the evolution on long timescales of two-planet systems with arbitrary eccentricities and mutual inclinations against either ejections or collisions with the host star. We found that the relation is satisfied well, implying a stability preserved on a timescale of a few Myr (i.e. the range of validity of Petrovich's formula), as expected for a system that is already ∼5 Gyr old.
A&A-26995_ja_IX, Online Material p 6 Table 2 . Sample list of all the radial velocities (RV) measured for KELT-6 with the HARPS-N spectrograph in the framework of the GAPS programme. Also indicated are the bisector velocity span (BIS) and the activity index log(R ′ HK ). The BIS are those derived by the data reduction pipeline of HARPS-N with uncertainties assumed to be twice those on the radial velocities. 
